The molecular architecture of the rabbit skeletal muscle aldolase (D-fructose-1,6-bisphosphate D-glyceraldehyde-3-phosphate-lyase, EC 4.1.2.13) tetramer has been determined to 2.7-A resolution. Solution of the three-dimensional structure of rabbit muscle aldolase utilized phase information from a single isomorphous Pt(CN)4-derivative, which was combined with iterative-phase refinement based upon the noncrystallographic 222-fold symmetry exhibited by the tetramer subunits. The electron-density map calculated from the refrned phases (mf = 0.72) was interpreted on the basis of the known amino acid sequence (363 amino acids per subunit). The molecular architecture of the aldolase subunit corresponds to a singly wound fl-barrel of the parallel a/fl class structures as has been observed in triose phosphate isomerase, pyruvate kinase, phosphogluconate aldolase, as well as others. Close contacts between tetramer subunits are virtually all between regions of hydrophobic residues. Contrary to other ,8-barrel structures, the known active-site residues are located in the center of the ,8-barrel and are accessible to substrate from the COOH side of the fl-barrel. Biochemical and crystallographic data suggest that the COOH-terminal region of aldolase covers the active-site pocket from the COOH side of the fl-barrel and mediates access to the active site. On the basis of sequence studies, active-site residues as well as residues lining the active-site pocket have been totally conserved throughout evolution. By comparison, homology in the COOH-terminal region is minimal. It is suggested that the amino acid sequence of the COOH-terminal region may be, in part, the basis for the variable specific activities aldolases exhibit toward their substrates.
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Aldolase (D-fructose-1,6-bisphosphate D-glyceraldehyde-3-phosphate-lyase, EC 4.1.2.13) is an ubiquitous and abundant glycolytic enzyme that plays a central and pivotal role in glycolysis and fructose metabolism. Aldolases from all species catalyze the reversible aldol cleavage of fructose 1,6-bisphosphate (Fru-1,6-P2) into the triose phosphates, Dglyceraldehyde 3-phosphate and dihydroxyacetone phosphate. Catalysis proceeds by two distinct chemical pathways in aldolases. In class I aldolases, found in plants and higher animals, catalysis depends upon Schiff-base formation with the substrate (1), whereas in class II aldolases, found mostly in molds and bacteria, catalysis requires a metal cofactor such as Zn2+ (2) . Demonstrable activity by aldolases also exists toward substrates such as fructose 1-phosphate (Fru-1-P), and the differential activity by aldolases toward Fru-1,6-P2 and Fru-1-P has been used as a basis to discriminate between the various isozymes in vertebrates (3) . In rabbit tissues, aldolase A has been isolated from muscle, aldolase B from liver, and aldolase C from brain. The three forms have been purified to homogeneity and extensively characterized (3) (4) (5) . The enzymes have a relative molecular mass (Mr) of approximately 158,000 and a tertiary structure composed of four identical subunits spatially related by 222-fold symmetry (6, 7) .
The catalytic cycle of the class I aldolase from rabbit skeletal muscle has been the most intensively studied and, on the basis of the experimental data, aldol cleavage proceeds through formation of a discrete number of enzyme-substrate intermediates (8) (9) (10) (11) . Rabbit skeletal muscle aldolase has been sequenced (12) (13) (14) (15) and extensively covalently modified to determine essential amino acids participating in the catalytic cycle (1, (16) (17) (18) (19) (20) (21) . Although it has been possible to unequivocally establish the residues required for Schiff-base formation (1, 6 ) and C-6 phosphate binding to the enzyme (19) (20) (21) , other active-site amino acid residues have either been assigned equivocally or have escaped identification entirely.
Aldolase A, which is present in large amounts in muscle tissue (22) , has been crystallized in many different forms (23) (24) (25) (26) (27) (28) 
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radiation damage in the crystal, thereby enabling recovery of intensity losses of up to 80% of the original intensity.
Corrections for mother-liquor absorption in mounting capillaries, similar in functional form to corrections for crystal miscentering in the x-ray beam previously reported (7), modified the usual absorption corrections by as much as 40%.
In each correction, the greatest impact was among the reflections at high resolution. Phase Determination. Starting phase estimates for phase improvement by noncrystallographic symmetry averaging were obtained from SIR (single isomorphous replacement) refinement of the heavy-atom parameters; figure of merit and centric R factor were 0.40 and 0.52, respectively, for the final cycle of SIR refinement. Phases were refined in spheres of resolution to 2.9-A resolution by real-space averaging of the interpreted electron densities of the four equivalent subunits (31) supplemented by solvent flattening. Heavy-atom positions were utilized to orient and position the 222-fold noncrystallographic rotation axes. The root-mean-square deviation of the heavyatom positions from ideal 222 symmetry positions was <0. 25 A. Phase extension was carried out in shells of0.05-A resolution to phase reflections between 2.9-and 2.7-A resolution. Convergence required a total of 22 cycles, which included first phase combination using phases derived from real-space averaging and SIR refinement to 2.9-A resolution and then phase extension to 2.7-A resolution. For42,010 reflections phased, the final mean figure of merit was 0.72 and corresponded to an overall R factor (based on IFl) of 0.276.
Interpretation. Coordinates of the a carbons were obtained from a manual interpretation of a minimap using the known amino acid sequence (12) (13) (14) (15) . The measured Ca coordinates were then used to fit the appropriate amino acids to the electron density map of the aldolase subunit by using the computer program FRODO (32) implemented on an EvansSutherland color PS300, the results of which are shown schematically in Fig. 1 . The computed electron density map was of sufficiently high quality to enable 329 of 363 amino acids to be unambiguously assigned within the electron density. Another 15 residues were located in regions of weak density on the surface of the tetramer, and portions of the last 18 amino acids of the COOH-terminal region are not sufficiently ordered for an unequivocal interpretation of the electron density of the COOH terminus.
RESULTS AND DISCUSSION Subunit Structure. The polypeptide chain of the aldolase subunit folds into a single highly compact domain structure (Fig. 2) and is analogous to the singly wound parallel 13-barrel motif (34) of the parallel a/,3 class structures. Among the various (3-barrel proteins known (33, (35) (36) (37) (38) (39) (40) (41) , aldolase displays the greatest structural similarity to the smaller yet functionally similar enzyme in bacteria, phosphogluconate aldolase (33) . The bacterial enzyme, whose entire secondary structure organization matches that of the muscle isozyme, appears to be a more streamlined version of muscle aldolase. Because of its fewer amino acid residues, the structural simplification in the bacterial enzyme results in fewer helical turns in the flanking helices of the 13-barrel and shorter loop regions connecting the (3 strands of the (3-barrel to the flanking helices. The structure of the aldolase p-barrel, however, when compared with previous 8-barrel structures whose amino acid sequence has been determined, is somewhat unusual in that the interior of the aldolase 1-barrel is composed as expected not only of hydrophobic amino acid residues but also of potentially charged residues. According to our interpretation of the electron density map (Fig. 3) , the residues Asp-33, Lys-107, Lys-146, Glu-187, and Lys-229 are all found in the interior cavity of the 8-barrel. The charged moieties of these residues are approximately colinear with acidic and basic residues disposed in an alternating manner. This arrangement could afford neutralization of potential charges on these residues and, thus, permit the folding of these residues into the p-barrel interior.
Oxidation of transiently reactive enzyme carbanion intermediates in aldolase crosslinks [implicated in Schiffbase formation (1) Ser-Leu-Phe-Ile-Ser. However, in view of the apparent disorder of the intervening residues 346-354 of the COOH terminus, unambiguous interpretation cannot yet be made as to the identity of this density. Our interpretation of the terminal peptide location places no definitive geometrical constraint on the alignment of the intervening residues on the subunit surface. Furthermore, the amino acid sequence ofthe intervening peptide is itself suggestive of considerable conformational flexibility, since it is rich in both glycines (residues 346 and 349) and alanines (residues 348, 350, 351, and 352)-residues that do not impose strong stereochemical constraints on the conformation of the intervening peptide.
Active Site. The amino acid residues implicated in the cleavage ofFru-1,6-P2 are located in a pocket-like region that extends from the subunit surface to the center of the p-barrel and includes the region of potentially charged residues found in the center of the 8-barrel described in Fig. 3 . The location of the active site differs with respect to other 8-barrel structures whose active-site residues have been determined.t In these p-barrel structures, the active-site regions have been found within the loop regions at the COOH edge of the (3 strands composing the p-barrel (42) . In aldolase the lysine residue Lys-229, which is implicated in the Schiff-base formation with the C-2 carbon of the substrate, projects into the center of the p-barrel from the middle of p strandf (Fig. 4) .
The known C-6 phosphate binding residue, Lys-107 (19) (20) (21) , is at the surface of the binding pocket and can form an ion pair with Asp-33. However, the alignment of the COOH groups of Asp-33 and of Glu-187 further in'the interior of the active site is such that they appear to mediate primarily potential repulsions between the e-amino groups of adjacent lysine residues 107, 146, and 229 rather than to participate in ion-pair formation. The colinear alignment of the three lysine residues would be highly favorable for binding triphosphate moieties such as those in ATP (17) or inositol triphosphate (44) , potent competitive inhibitors of aldolase. The interior   FIG. 3 . A 6-A-thick slice of electron density taken through the middle of the ,8 strands e, f, and g of an aldolase subunit oriented as in Fig. 1 . The f8 strands are indicated by thick arrows and are identified as in Fig. 1 . Potentially charged residues in the center of the p-barrel are indicated and include Lys-107, Asp-33, Lys-146, Glu-187, and Lys-229.
tAn inhibitor-binding locus described in the low resolution structural study of rabbit muscle aldolase (6) , when positioned on the 2.7-A resolution map, corresponds to a region on the subunit surface devoid ofelectron density and triangulates to the vicinity of the NH2 terminus of a-helix H1, which is approximately equidistant between the last interpreted residue 345 and the density tentatively associated with residue 355. Although this location is some 12 A from the active-site binding pocket, the low resolution electron density difference map suggests considerable conformational changes upon inhibitor binding throughout the subunit, including changes at the active-site locus. Definitive assignment of the inhibitor-binding locus and its relation to the native structure must consequently await analysis of high resolution studies on the liganded structure.
Proc. Natl. Acad. Sci ; and S, Ser-300. The orientation of the subunit is the same as shown in Fig. 1 and corresponds to looking down into the center of the P-barrel from the COOH-edge side of the barrel P strands.
wall of the active-site pocket is lined by hydrophobic residues originating from all p strands. The hydrophobic residues nearest to the E-amino group of Lys-229, Ile-185, Ile-77, and Phe-144 are located on the NH2-terminal edge of the ,-barrel and, together with a-helix I, block access to Lys-229 from the NH2-terminal side of the p-barrel.
Arg-148, which has been considered a likely candidate for the C-1 phosphate binding site (18) , is situated at the surface on the side opposite to Lys-107 of the binding pocket. The COOH group of Glu-189, which is in close proximity to the guanidine moiety of Arg-148, however, does not form an ion pair with Arg-148, but rather Arg-148 appears to bind a sulfate ion in our structure, consistent with a role by in phosphate binding. The distance between the two phosphate binding sites on the enzyme, 11 A, compares favorably with C-1 phosphate-to-C-6 phosphate interatomic distances of Fru-1,6-P2 in the acyclic configuration. However, binding by the a or , anomeric form of the substrate cannot be excluded because Arg-148 is not sterically hindered from adopting alternate conformations.
Influence of the COOH-Terminal Region on Catalytic Activity. Interpretation ofthe electron density map suggests that the polypeptide conformation of the COOH terminus, residues 341-363, corresponds to an arm-like structure possessing a highly flexible elbow joint (residues 346-354), which folds the polypeptide over the subunit surface from a-helix H2 on the subunit exterior to the active site located in the ,p-barrel interior, the terminal amino acid residues of the folded COOH terminus being positioned so that they appear to cover the active site from the COOH edge of the p strands of the ,-barrel. Preferential proteolysis of the COOHterminal region (45) (46) (47) (48) (49) has been shown to diminish enzymatic activity to a basal level (46, 48) , which is essentially independent of the length of the COOH terminus (48) . It is then perhaps of significance that bacterial aldolase (33) appears to have lost the equivalent COOH-terminal region in its evolution. The apparent modulating role of the COOHterminal peptide on catalytic activity suggests that the COOH-terminal peptide may function at the molecular level to promote, directly or indirectly, the alignment and/or attachment of the substrate during catalysis. Such a role implies conformational mobility by the COOH-terminal region to facilitate diffusion of substrate into and product out of the active site. The preferential proteolysis of the COOHterminal region, which is abolished in the presence of substrate (45, 50) , and the apparent disorder in the conformationally flexible region of the COOH-terminal peptide in the native structure are both consistent with such a postulated functional role.
Active Site Conservation. The alignment of the amino acid sequence of aldolases from human liver, rabbit muscle, maize, trypanosome, and Drosophila (43) strongly conserves the p-strand residues comprising the ,-barrel. Comparison of the 63 amino acid residues making up the eight p strands shows only 7 residues of 20 nonhomologous residues to have undergone nonconservative substitution. All active-site amino acid residues, including the potentially charged groups in the interior of the 8-barrel and the hydrophobic residues lining the active-site pocket, have been conserved throughout evolution of all class I aldolases. In contrast, only 4 residues of 22 residues in the COOH-terminal region have been conserved. The almost total lack of conservation of the FIG. 5 . Stereo drawing of the rabbit skeletal muscle aldolase tetramer. The tetrameric structure was generated from the 222-fold molecular symmetry applied to the subunit Ca backbone.
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COOH-terminal region of the protein together with complete conservation of active-site residues suggests that the amino acid sequence in the COOH-terminal region of the protein may be implicated in determining the variable activity/ specificity that aldolases exhibit toward their substrates.
Quaternary Structure. The spatial arrangement of the subunits in the aldolase tetramer is shown in Fig. 5 . The subunit contacts are essentially all hydrophobic in nature, and the majority are between the flanking a-helices of the ,B-barrel, which are related by the two folds located in the plane of Fig. 5 . Subunit close contacts arise principally from interactions between side chains of the symmetry-related flanking a-helices immediately connected to strandf, which contains the active-site Lys-229. Contacts between subunits related by the noncrystallographic 2-fold axis perpendicular to this plane are fewer by comparison.
